To clarify the effects of thinning on the growth and wood quality of Eucalyptus camaldulensis trees grown in Thailand, the growth characteristics, anatomical characteristics, and wood properties of T5 clones, which are used on plantations to produce pulpwood, were investigated. Core samples were collected from trees grown on both thinned and unthinned (i.e., control) plots. The effects of thinning on the trees anatomical characteristics and wood properties were evaluated at bark side (2 cm from the bark) of the tree. We identified significant differences between the two plots in terms of stem diameter, wood volume, wall thickness of wood fiber, moisture content, and basic density. However, trends in the radial variation of the measured characteristics were almost the same between the thinned and control plots. These results suggest that prolonged rotation age and subsequent thinning do not negatively affect the quality of solid wood produced by E. camaldulensis.
INTRODUCTION
Thinning is one of the important silvicultural methods for managing plantations (Opie et al. 1978; Schönau and Coetzee 1989; Zhang et al. 2006) . It decreases the tree density of plantations, resulting in the increase of both stem volume and wood quality of the trees (Opie et al. 1978; Zhang et al. 2006) . In general, thinning is performed on plantations to improve solid wood production. Therefore, studies related to thinning and its effects on trees growth characteristics and wood properties have focused on species that can produce solid wood (Zhang et al. 2006; Washusen et al. 2009 ).
Eucalyptus camaldulensis Dehnh. has been extensively planted in Thailand to produce pulpwood. Recently, Thai farmers have considered converting their plantations to produce solid wood instead of pulpwood. However, there is limited information about the basic wood properties of E. camaldulensis, which may affect utilization of solid lumber produced by this species (Ishiguri et al. 2013 (Ishiguri et al. , 2017 , even though several researchers have examined other Eucalyptus species (Dickson et al. 2003; McKenzie et al. 2003; de Moraes Gonçalves et al. 2004; Raymond et al. 2004; Washusen et al. 2009; Derikvand et al. 2018 Derikvand et al. , 2019 .
In our previous research (Ishiguri et al. 2013 (Ishiguri et al. , 2017 , we investigated the properties of solid wood produced by four-year-old E. camaldulensis trees from eight half-sib families intended for pulpwood production in Thailand. We identified significant among-family variations in the stresswave velocity of stems, dynamic Young s modulus of logs, green moisture content, basic density, and interlocked grain of the wood (Ishiguri et al. 2013 (Ishiguri et al. , 2017 . We also showed that E. camaldulensis trees with superior growth characteristics and solid wood properties can be selected from those families. However, there is still little available information regarding the wood properties, especially those related to solid wood utilization, of E. camaldulensis. In addition, to use wood as solid wood, the rotation period of plantation must be longer than that of pulpwood utilization because usually it is necessary to grow trees with larger diameters. Therefore, the basic wood properties of older trees grown under an appropriate silvicultural management plan should be investigated.
The objective of the present study is to evaluate the effects of thinning on the anatomical characteristics and wood properties of E. camaldulensis planted in Thailand in order to determine how best to promote solid wood production. Specifically, it investigates the anatomical characteristics and wood properties of clones of 12-year-old E. camaldulensis trees in thinned and unthinned plots.
MATERIALS AND METHODS

Samples
The experimental site was located at the Wang Nam Khieo Forestry Research and Student Training Station in Nakhon Ratchasima, Thailand (14 29.731 N, 101 56 .537 E, about 380 m above sea level). This experimental site (0.55 ha, 50 110 m) was established in August 1999 with a 3 3 m spacings of Eucalyptus camaldulensis T5 clones (35 15 trees), which are commonly used on commercial plantations for pulpwood production in Thailand. In May 2008, when the trees were about nine years of age, half of the area of the experimental site was thinned and the other half remained unthinned to serve as a control (Fig. 1) . Alternate line thinning, in which one row was cut and next row was not, was applied in the thinned plot. An equal proportion of each size class was removed. Unfortunately, no data on growth characteristics were available before thinning. In July 2011, when the trees were about 12 years of age, three subplots (4 5 trees in each) were created within each thinned and control plot, avoiding the edge rows of the plots. The distance between subplots was set as 10 trees (33 m). The stem diameter at 1.3 m above the ground and tree height were measured for all trees in subplots. These measurements were taken with a diameter tape and a height meter (Vertex IV, Haglöf, Sweden). In addition, stem volume was estimated using the formula proposed by Kamo et al. (1990) .
To measure the trees anatomical characteristics and wood properties, nine trees whose growth characteristics Note: n, number of trees; SD, standard deviation; D, stem diameter at 1.3 m above the ground; TH, tree height; V, estimated wood volume in individual tree. Wood volume was estimated by formula made by Kamo et al. (1990) . To prepare for the experiment, the site was divided in half, resulting in two 25 110 m plots. The small squares in the plot represent subplots. The thinned subplots contained 12 trees (4 3), and the control subplots contained 20 trees (4 5). The distance between the subplots was set as 10 trees (33 m).
were similar to those of all measured trees (Table 1) were selected from each plot. Then, bark-to-pith core samples (5 mm in diameter) were collected from the selected trees using an increment borer (Haglöf, Sweden) . In this study, three core samples were collected from each of the trees at 1.3 m above the ground. To determine radial variations in anatomical characteristics and wood properties, the core samples were subjected to the following experiments.
Anatomical characteristics and wood properties
The anatomical characteristics we measured were vessel morphology (diameter and frequency), wood fiber morphology (diameter and wall thickness), and cell length (vessel element and wood fiber). Core samples from each tree were cut into 1-cm segments from the pith side, and then 1-mm segments were divided from those segments and collected in a test tube. The remaining 9-mm segments were trimmed with a sliding microtome (REM-710, Yamato Koki) to obtain small blocks with a smooth transverse surface. After trimming, the vessel and wood fiber morphologies were measured by scanning electron microscopy. For this purpose, small blocks were dehydrated using graded ethanol series and acetone and dried under a fume hood overnight. Then, the dried blocks were coated with Au using an ion sputter coater (SC-701Mk II, Sanyu Electron). Digital images of the transverse surface of the blocks were obtained using a scanning electron microscope (JCM-5000, JEOL). These images were transferred to a personal computer, and their vessel and wood fiber morphologies were measured using image analysis software (ImageJ, National Institute of Health, USA) according to the methods described in a previous report (Takeuchi et al. 2016) . In total, 20 vessels and 30 wood fibers in each radial position were measured to determine the samples vessel and wood fiber morphologies, except for vessel frequency. To measure vessel frequency, the number of vessels was counted in two or three digital images (the area of each image was 9.5 mm 2 ) of each radial position, and then the number of vessels per 1 mm 2 was calculated. To use the collected 1-mm segments to measure cell length, they were macerated with Schulze s solution (6 g potassium chlorate in 100 mL of 35 % nitric acid). The macerated samples were mounted on a slide glass, and then cells were enlarged on the screen of profile projector (V-12, Nikon) and their length was measured with a digital caliper (CD-15CX, Mitutoyo). In total, 20 vessel elements and 30 wood fibers were measured in each radial position.
The moisture content, basic density, and compressive strength parallel to the grain were determined under green conditions. A core sample in each tree was cut into 1 cm segments, and their green weight and volume and oven-dry weight were measured. Moisture content and basic density were calculated using the following formulas:
Moisture content (%) Wg Wo Wo 100
Basic density (g/cm 3 ) Wo Vg
where Wg (g), Wo (g), and Vg (cm 3 ) represent green weight, oven-dry weight, and green volume measured by water displacement, respectively. To measure compressive strength, one core sample was cut into 5-mm-long segments from the pith to the bark and subjected to a strength testing machine (Fractometer II, IML) according to the methods described by Ishiguri et al. (2012) .
Statistical analysis
To evaluate the effect of thinning on anatomical characteristics and wood properties, the mean values from the bark side to 2 cm from the bark were calculated for each tree. Then, the mean values and standard deviation of the control and thinned plots were calculated to detect any differences with a t-test performed using R software (Version 3.6.1, R Core Team 2019). Table 1 shows the mean stem diameter, tree height, and stem volume of the trees. The mean stem diameter of trees in the thinned plot (19.1 cm) was significantly larger than that of trees in control plot (16.8 cm). However, tree height was almost the same (about 21 m) in the control and thinned plots. On the other hand, stem volume in individual tees in thinned plot (0.273 m 3 ) was increased about 25 % compared to that in control plot (0.216 m 3 ). These tendencies were similar for sampled trees (Table 1) .
RESULTS
The mean values for the anatomical characteristics and wood properties were almost the same for trees from the control and thinned plots (Table 2) . However, there were significant differences in the wall thickness of wood fiber, moisture content, and basic density (Table 2) ; the wall thickness of wood fiber and basic density were higher and moisture content was lower in the thinned plot. Figure 2 shows radial variations in the measured anatomical characteristics and wood properties. Except for vessel frequency and moisture content, almost all properties showed constant values or gradually increased from the pith to the bark side. Radial variations in vessel frequency and moisture content gradually decreased toward the bark side.
DISCUSSION
We identified significant differences in stem diameter, wood volume, and basic density between the thinning and control plots. These results indicate that (1) thinning is an effective management strategy to obtain wood from these clones with enough strength to be developed into solid lumber and (2) prolonged rotation age followed by thinning does not lead to low wood quality for this clone.
To utilize wood resources as solid lumber products, the wood should have good physical and mechanical properties, such as higher density, bending properties, and lower shrinkage (McKenzie et al. 2003; Derikvand et al. 2018) . In general, thinning concentrates the growth potential of trees, altering the properties of their wood (Schönau and Coetzee 1989; Malan and Hoon 1992) . For example, Malan and Hoon (1992) reported that the air-dry density of E. grandis tended to increase with more intense thinning. Similarly, in our study, E. camaldulensis T5 clones from the thinned plot showed significantly higher basic density and improved growth characteristics (Tables 1 and 2) . Compared with other fast-growing species, such as Acacia and other Eucalyptus species, that are used for furniture and/or Dickson et al. (2003) ; 5 Soerianegara and Lemmens (1993) ; 6 Lemmens et al. (1995) ; CS values under green condition in A. auriculiformis was calculated by the method described by Côté (1984) .
construction lumber, the E. camaldulensis T5 clones showed higher basic density and compressive strength even in the control plot (Table 3) . Moreover, these values were further increased by thinning (Table 2 ). These results suggest that wood from E. camaldulensis T5 clones can be utilized for similar purposes as other fast-growing tropical species and that thinning does not have negative effects on wood quality for these clones.
To evaluate the effects of prolonged rotation age and thinning on wood properties, trends in the radial variations of anatomical characteristics and wood properties were examined, and no significant differences between the plots were identified (Figs. 2 and 3) . Although the radial position at thinning was unclear, it seems as though thinning did not lead to significantly negative changes in the radial variation of wood properties.
In addition, the basic density values obtained this study were compared with those from younger E. camaldulensis trees (Table 4 ). The mean basic density ranged from 0.61 to 0.73 g/cm 3 in five different clones of 5-year-old E. camaldulensis and from 0.48 to 0.55 g/cm 3 in eight half-sib families of 4-year-old E. camaldulensis trees Family (open pollinated) Nakhon Ratchasima, Thailand 4 6.5-9.3 0.48-0.55 Ishiguri et al. (2017) Note: D, stem diameter at 1.3 m above the ground; BD, basic density; ND, no data.
planted in Thailand (Veenin et al. 2005; Ishiguri et al. 2017 ; Table 4 ). The results of the present study are similar to those reported by Veenin et al. (2005) , and the values are generally higher than those reported by Ishiguri et al. (2017) . Therefore, it seems that prolonged rotation age and subsequent thinning do not always lead E. camaldulensis T5 clones to produce low-quality wood.
